Protein quality control (QC) in the endoplasmic reticulum (ER) comprises many aspects, including folding and transport of nascent proteins and degradation of misfolded proteins. Recent studies have revealed that high-mannose-type glycans play pivotal roles in the QC process. To gain knowledge of the molecular basis of this process with well-defined homogeneous compounds, we achieved a convergent synthesis of high-mannosetype glycans and their functionalized derivatives. A major part of our study focused on analyses of UDPGlc: glycoprotein glucosyltransferase (UGGT) and ER glucosidase II, which play crucial roles in glycoprotein QC, to clarify their specificities. In addition, we established an in vitro assay system mimicking the in vivo condition, which is highly crowded due to the presence of various macromolecules.
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Glycosylation is one of the most widespread and functionally important protein modifications. Oligosaccharides and glycan chains of glycoproteins play numerous biological roles, many of which are essential for normal cellular activities, as in cell development, 1, 2) immune responses, 3, 4) infection, 5, 6) and malignant transformation. 7, 8) All in all, however, a precise understanding of molecular basis of their functions is difficult to achieve.
Eukaryotic cells produce an enormously large number of glycoproteins, and the structures of their glycan chains are highly diverse. In a majority of cases, glycoproteins consist of various glycoforms, which differ in number, composition, branching, and terminal modification of glycan chains. In consequence, isolation of a homogeneous glycoprotein with a defined structure is technically challenging, unless the glycoprotein is exceptionally abundant. In order to advance the study of the biological roles of glycan chains, chemical synthesis is expected to be highly powerful, because it can provide homogeneous and structurally defined substrates in substantial quantities. It also enables the preparation of non-natural derivatives as required. These molecular probes are highly useful in gaining a precise understanding of the biological activities of oligosaccharides at the molecular level.
Compared to other bio-oligomers such as peptides (proteins) 9, 10) and oligonucleotides (DNA and RNA), 11, 12) synthesis of glycan chain is intrinsically less straightforward for several reasons. Firstly, the formation of glycosidic linkages that connect sugar residues generates two isomers, -and -glycosides. Secondly, each monosaccharide unit that composes glycans has a multiple number (usually 3 or 4) of hydroxyl groups to which other monosaccharides are linked. Consequently, the formation of interglycosidic linkages is associated with the generation of stereochemical as well as positional isomers. In addition, biologically relevant glycan chains often show branching. By contrast, the structures of peptides and nucleic acids are defined solely by the sequence or alignment of the various components. Recognizing these problems, a number of methods that realize selective and efficient Oglycosylation as well as various protective groups that can be introduced and removed with high selectivity have been developed. However, purely chemical synthesis of glycoprotein glycan remains a substantial challenge.
Among numerous types of glycan modifications of proteins, the introduction of asparagine (Asn)-linked (or N-linked) glycans is one of the most prominent. The introduction of N-linked glycans takes place in the endoplasmic reticulum (ER) of cells in a co-translational manner. 13, 14) The glycans are introduced to Asn residues embedded in the consensus triad Asn-X-Ser/Thr (Ser, serine; Thr, threonine; X, any amino acid except proline). 15) In view of their steric bulkiness and hydrophilic nature, it is anticipated that N-linked glycans have a significant impact on the physicochemical properties of proteins, conferring on them stability, water solubility, and resistance to protease cleavage. [16] [17] [18] [19] Most N-linked glycoproteins are expressed on cell surfaces or are secreted to the extracellular milieu, and play pivotal roles in intercellular communication events such as signal transduction, cell adhesion, and immune responses. In addition, recent studies have provided clear evidence of their roles in protein quality control (QC), [20] [21] [22] a wide-ranging process that includes the folding and transport of nascent proteins and the degradation of incurably misfolded proteins. In particular, so-called high-mannose-type glycans are known to function as key signals in glycoprotein QC.
To determine the molecular basis of this process, establishment of reliable in vitro experimental systems is essential, but in many cases the complexity and structural heterogeneity of naturally occurring glycoproteins has hindered unambiguous interpretation of the experimental results. Our study aimed to remove this ambiguity by the use of chemically synthesized glycans and their protein conjugates, and to gain a clear understanding of glycan-protein interplay in the ER.
I. Biosynthesis and Processing of N-Glycosylated Proteins and Their Functions in the ER
Protein folding is an error-prone process. Since nascent proteins are conformationally labile, correct folding of them is facilitated by concerted action of chaperones, disulfide isomerases, and peptidyl-prolyl isomerases. In addition, glycoprotein folding in the ER is assisted by a number of carbohydrate acting proteins, including lectin chaperones, glycosidases, and glucosyltransferases. 23, 24) The introduction of N-linked glycans occurs cotranslocationally or co-translationally in the ER. This reaction is catalyzed by a multisubunit enzyme, oligosaccharyltransferase 25, 26) (OST), which transfers an oligosaccharide consisting of 14 sugar residues, three glucose (Glc), nine mannose (Man), and two Nacetylglucosamine (GlcNAc) residues, G3M9 to nascent polypeptides.
In the ER, G3M9 is processed sequentially by glucosidase I (G-I) and glucosidase II (G-II). Firstly, G-I cleaves the terminal -1,2 linked Glc1 residues to generate diglucosylated tridecasaccharide (Glc 2 Man 9 GlcNAc 2 , G2M9). The latter is then digested by G-II, which cleaves two Glc residues linked to Glc (Glc1!3Glc) and Man (Glc1!3Man) in a stepwise manner. These activities sequentially generate dodeca-(Glc 1 Man 9 GlcNAc 2 , G1M9) and undecasaccharide (Man 9 GlcNAc 2 , M9). The dodecasaccharide G1M9 formed by the first activity of G-II is particularly important in the glycoprotein QC, which serves as the key signal in entering calnexin/calreticulin (CNX/CRT) cycle, the glycoprotein-specific folding process 20, 22, 27) ( Fig. 1 ). In this cycle, glycoproteins that carry the G1M9 glycoform are captured by ER-residing chaperones, CNX and CRT, which are believed to possess an essentially identical lectin property. They have been proposed to exist as complexes with a peptide disulfide isomerase, ERp57. 28, 29) Upon removal of the remaining Glc residue by the second action of G-II, the glycoproteins are liberated, and are transported to the Golgi apparatus.
Since protein folding is an error-prone process, a mechanism of proof-reading is required in order to maximize its efficiency and to avoid the adventitious delivery of incompletely folded glycoproteins to the secretory pathway. According to a widely accepted model, this is achieved mainly by UDP-Glc: glycoprotein glucosyltransferase (UGGT), which functions as the folding sensor in the ER. Glycoproteins processed to M9 are re-glucosylated to G1M9 by UGGT only when protein folding is incomplete. [30] [31] [32] [33] The specificity of UGGT may well be quite pertinent to its function, because it allows glycoproteins to interact repeatedly with CNX/CRT by regenerating G1M9.
A previous study 34) found that the reactivity of UGGT toward glycopeptides clearly correlated with the proportion of hydrophobic amino acids, suggesting that an exposed hydrophobic patch of a misfolded protein is the key element in UGGT recognition, although the substrate recognition of UGGT appears to be more subtle. As for the glycan specificity, we found that M9 was the most reactive, while glycans with smaller numbers of Man showed markedly reduced reactivity. UGGT is a well-conserved protein whose biological significance has been underscored by several observations. For instance, its deficiency was reported to be lethal. 35 ) From a more practical perspective, overexpression of UGGT was reported to be beneficial in enhancing the expression levels of recombinant proteins such as erythropoietin and interferon . 36) Glycoproteins that fail to achieve correct folding are slowly processed by mannosidases and eventually transported to the cytosol for degradation. The possibility has been suggested that they are partially rescued by BiP, suggesting the presence of a fail-safe mechanism in the system in ER. 37) II. Functional Analysis of Glycoprotein Glycans by Using Chemically Synthesized Probes
Synthesis of ER-related high-mannose-type glycans
In spite of extensive studies, precise understanding of glycoprotein QC is far from complete, mainly due to the structural heterogeneity of naturally occurring glycoproteins. Hence the early phase of our study aimed to systematically synthesize N-linked glycans, in order to remove this difficulty.
Among various difficulties in achieving this task, stereochemical formation of inter-glycosidic linkages is the most challenging. Whereas so-called 1,2-trans glycosides can be synthesized readily by the classical neighboring group participation strategy, 1,2-cis glycosides are more difficult to synthesize. The formation of -linked mannose (-Man) is particularly difficult to achieve selectively. 38) Since all N-linked glycans consist of -Man as the core structure, various approaches have been explored to solve this problem.
Our study established a strategy that achieved completely selective and efficient synthesis of -Man glycosides, based on the concept of intramolecular aglycon delivery (IAD) 39) (Fig. 2A) . We introduced a p-methoxybenzyl (PMB) group to the 2-position of the mannosyl donor. Reacted with an acceptor under oxidative conditions, it was cleanly converted to a mixed acetal-type tethered intermediate. Upon exposure to an activator, which promotes the departure of the leaving group at the anomeric position, exclusive formation of the 1,2-cis glycoside was realized in high yield. 40) More recent studies have shown that the efficiency as well as generality of the IAD was further enhanced by the use of the 2-naphthylmethyl (NAP) group in place of PMB. 41) With a reliable strategy for constructing the -Man glycosides in hands systematic synthesis of highmannose-type glycans was conducted (Fig. 2B) . Fragments corresponding to core trisaccharide (ManGlcNAc 2 , A), trimannose (Man 3 , B), branched mannose (Man 5-3 , C1,2,3,4) and glucose (Glc 3-1 , D1,2,3) components were condensed in various combinations, and all typical high-mannose-type glycans were synthesized. 42) Furthermore, in order to facilitate the analysis of carbohydrate-protein interactions and enzymatic transformations, a unified protocol to introduce a variety of aglycons was established. This allowed us to modify synthesized glycans with methotrexate (MTX) as well as fluorescently active substituents, such as BODIPY and TAMRA. For instance, MTX-conjugated glycans were used extensively in our study. In addition to their intense UV absorbance, they can easily be grafted to dihydrofolate reductase (DHFR), providing glycoprotein mimetic (CHO-MTX-DHFR), taking advantage of the strong affinity between MTX and DHFR 43) (Fig. 2C) . Synthetic glycans were also immobilized on Sepharose beads, which have been found to be effective in identifying ER lectins such as Aspergills oryzae CNX. 44) More recently, we developed a combined chemoenzymatic approach, in which the non-natural tetradecasaccharide was chemically synthesized as the common precursor. It was converted to as many as 35 glycans by treatment with logical sets of glycosidases, greatly speeding up the preparation of high-mannose-type glycans and their non-natural congeners 45) (Fig. 3) .
Analysis of UGGT, a folding sensor in the ER
As briefly discussed above, UGGT serves as a folding sensor in the ER. It recognizes glycoproteins that have not achieved correct folding as substrates, and incorporates a Glc residue to the terminal Man of the A-arm. Important insights into its specificity have been attained in previous studies by employing naturally occurring glycoproteins exposed to denaturing conditions. For instance, denatured thyroglobulin (d-Tg) was reported to be reactive, while native Tg was a poor substrate. 46, 47) We fortuitously discovered that UGGT smoothly glucosylates MTX-modified glycan (CHO-MTX, CHO=M9), which became the first non-peptidic fully synthetic substrate of UGGT 48) (Fig. 4A) . Interestingly, M9-MTX conjugated to DHFR exhibited substantially reduced activity, reflecting the fact that the glycan chain was bound to a folded protein in this case. We then prepared a series of high-mannose-type glycans linked to MTX, and this enabled quantitative estimation of the glycan specificity of UGGT. Our analysis confirmed that the reactivity of glycans dropped as the number of mannose residues became smaller (M9 > M8 > M7). Although the reactivity of M7-MTX was low, its affinity to UGGT was highest (the lowest K m ), indicating that UGGT strongly recognizes the inner region of highmannose-type glycans (Table 1) . A glycan lacking the innermost GlcNAc was completely inactive, suggesting that the presence of the chitobiose (GlcNAc 2 ) core is essential (Fig. 4B) . In addition to MTX, several fluorescently active substituents were highly effective in conferring activity on M9. 49) In particular, BODIPYmodified glycans are highly suitable for highly sensitive detection of enzymatic activity.
The reactivity of these substrates might be explained by the presence of a hydrophobic substituent, which probably mimics the incompletely folded region of glycoproteins. On the other hand, UGGT itself was revealed to exhibit significant surface hydrophobicity, which might be, at least in part, responsible for sensing the folding state of client glycoproteins 50) (Fig. 4C ). In addition, CD analysis clarified a conformational change in UGGT upon the addition of a reactive substrate (M9-Gly-TAMRA) in a concentration-dependent manner. In contrast, the addition of glycan lacking TAMRA (M9-Gly) did not cause any perturbation on the conformation of UGGT, nor did TAMRA itself, suggesting that UGGT simultaneously recognizes glycan porting and the hydrophobic regions of substrates 50) (Fig. 4D ). More recently, Kajihara's group achieved the synthesis of an intentionally misfolded glycoprotein as a structurally defined, homogeneous substrate of UGGT. 51) They selected IL-8 as a model, modified by M9 at Asn36 (M9-IL-8). Synthesis was achieved by native chemical ligation of two segments, a 1-33 thioester and a 34-72 glycopeptide. After aerobic refolding, correctly folded M9-IL-8 was isolated, together with a misfolded isomer having incorrect disulfide linkages, as well as a dimer that contained an intramolecular disulfide linkage. Among these, the dimer was most reactive as a substrate of UGGT. It also exhibited the highest surface hydrophobicity as evaluated in an ANS binding experiment, confirming the hypothesis that hydrophobic patches are important elements in recognition by UGGT.
Analysis of glucosidase II (G-II)
G-II is a dual activity enzyme, successively cleaving the Glc1-3Glc (cleavage-1) and Glc1-3Man (cleavage-2) linkages [52] [53] [54] [55] (Fig. 1A) . It is extremely important in glycoprotein QC, because it regulates both entry into (cleavage-1) and exit from (cleavage-2) the CNX/CRT cycle. In order to evaluate the relative magnitudes of these activities, trimming of G2M9-MTX was tested. The analysis confirmed that cleavage-1 is by far faster than cleavage-2. 56) In addition, cleavage-2 was strongly suppressed in the presence of CRT, indicating that the G1M9 generated by cleavage-1 is quickly captured by CRT, and probably by CNX as well. In the ER, a combined action of UGGT and G-II (cleavage-2) establishes an interconverting system between the M9 and G1M9 glycoforms. Simultaneously, trimming by mannosidase(s) occurs, yielding G0 and G1 glycans with smaller numbers of Man residues. Evaluation of their relative reactivity is important, because all of them are potential substrates of G-II or UGGT. However, although estimates have been made, quantitative data are lacking. In accordance with general belief, our analysis unequivocally indicated that G1M9 had the highest reactivity. In contrast with a previous report, however, the difference in reactivity was not as large as was believed. In particular, the reactivity of the B-isomer of G1M8 (G1M8B) was comparable with G1M9 and was drastically enhanced when conjugated to a protein. Probably this discrepancy, at least partially, derived from the structural heterogeneity of the glycans used in a previous study, confirms the importance of using structurally defined homogeneous substrates in the analysis of glycan processing events.
Calculation of the kinetic data gave an indication that G-II receives feedback inhibition of its end product, 57) and this was confirmed experimentally. The inhibitory activity of M7 was strikingly high, the magnitude being comparable with typical glucosidase inhibitors such as castanospermine and deoxynojirimycin (Fig. 5B) .
The specificity of G-II appears to be rather broad. Non-natural dodecasaccharides that had D-galactose, Dglucuronic acid, or the 3-, 4-, 6-deoxy-D-glucose residue in place of Glc were all converted to M9. 58) Whereas G-II stringently recognizes the mannose residues of the Band C-arms, it is tolerant to structure perturbation of departing sugar residues. (Fig. 5C) G-II is a heterodimeric protein consisting of -andsubunits. While the -subunit comprises a catalytic domain, the precise function of the -subunit remains obscure. 59) To clarify it, disruptants of Aspergillus oryzae which lack either the -or the -subunit of G-II were prepared, and the G-II activity of their microsomal fraction was tested. Our analysis showed that (i) both of the -and -subunit disruptants were inactive, although the former (but not the latter) was fully active toward a small molecule substrate, pNP-Glc, and (ii) mixed microsomal fractions of both disruptans digested both G2M9 and G1M9 60) (Fig. 5D and Table 2 ). This provides an indication that the presence of the -subunit is essential in order for G-II to exhibit hydrolytic activity in the ER, possibly by virtue of its ability to recognize high-mannose-type glycans. A B C D Fig. 5 . Substrate Specificity of G-II. A, G-II (cleavage-2) activity against various glycoprobes having different oligosaccharide or aglycon structure. B, Inhibitory activity of various glycoprobes toward Glc trimming from G2M9. C, Cleavage of various G1M9 analogs by G-II. Gal, galactose; GlcA, glucuronic acid; G3d, 3-deoxyglucose; G4d, 4-deoxyglucose; G6d, 6-deoxyglucose. D, G-II activity toward pNP-Glc using the membranous fraction of gene disruptants lacking the G-II -subunit or the -subunit. The membranous fraction lacking the -subunit does not affect the hydrolysis of pNP-Glc. 
III. Analysis under Macromolecular Crowding Conditions
Whereas biochemical assays are commonly performed in diluted buffer solutions, intracellular environments consisting of various macromolecules are known to be highly crowded. Typically, the total concentration of these components reaches 30-40%. 61) In such environments, the behavior of biomolecules can be significantly affected. The diffusion of bulky molecules such as proteins is retarded while their association is enhanced. In addition, proteins tend to favor more compact conformations. Therefore, it is quite possible that the intracellular behavior of proteins is not to be extrapolated directly from in vitro experiments.
We deemed it important to re-investigate ER-related glycan processing reactions under crowded conditions created by high concentrations of macromolecules. 62, 63) In the event, such conditions exhibited highly intriguing effects on the glycan-trimming activity of G-II. We observed that the cleavage-2 of G-II was dramatically enhanced at high concentrations of bovine serum albumin (BSA), while cleavage-1 was not affected (Fig. 6A) . Other macromolecules such as high-molecular-weight polyethylene glycol and RNase A exhibited similar effects. On the other hand, the effect of macromolecular crowding on glucosylation by UGGT was negligible, and trimming by -mannosidase was retarded.
Previous studies, including ours, concluded that cleavage-1 of G-II trimming is much faster than cleavage-2, but observation of environments that mimic intracellular conditions specifically accelerated cleavage-2, suggesting that in the ER difference in velocities between these two steps may be smaller than believed. A recent study that analyzed the in vivo trimming of glycoproteins in S. cerevisiae reported results that support this prediction. 50) A recent study by Totani et al. found that macromolecular crowding conditions have different effects on other enzymes and lectins. 58) A large number of glycan-recognizing proteins reside in the ER, and a majority of them play important roles in glycoprotein QC. While some of them are likely to compete with the same substrates, their behaviors under intracellular crowded conditions are difficult to predict.
Consequently, continuing effort to analyze their responses to macromolecular crowding conditions is required to draw a finer picture of glycoprotein QC.
IV. Conclusion
Synthetic chemistry is considered to play a leading role in the research field of chemical biology which aims to clarify biological events through chemistry. Because of glycoconjugate glycans' structural complexity and diversity, glycobiology should continuously provide exciting research opportunities for synthetic chemists.
Glycobiologists have been challenged by the heterogeneity of glycoconjugate glycans, especially those derived from glycoproteins. In spite of quite extensive studies conducted with substrates of biological origin, more precise and quantitative studies, particularly in terms of specificity to discriminate subtly different glycans, have been limited. Our study stemmed from systematic synthesis of high-mannose-type glycans has proven to be powerful in revealing specificities of key players in glycoprotein quality control.
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